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Introduction {#sec001}
============

Hypersensitivity pneumonitis (HP) is an immune-mediated lung disease triggered by the inhalation of a wide variety of antigens \[[@pone.0220462.ref001]\]. The clinical presentation of HP is traditionally classified into acute and chronic types. Acute HP strikes in acute episodes and can be successfully cured by allergen avoidance. Chronic HP is categorized into two subgroups, (recurrent type and insidious type, according to the clinical features) \[[@pone.0220462.ref002]\]. Patients with the recurrent type experience repeated acute episodes of mild exertional dyspnea, cough, and low-grade fever. Patients with the insidious type suffer from chronic, slowly progressing respiratory disease without acute episodes. From 70 to 80% of acute HP cases are summer-type HP caused by *Tricosporon*, while about 50% of chronic HP cases are bird-related \[[@pone.0220462.ref002]\].

The clinical course of chronic HP with fibrosis is similar to that of idiopathic pulmonary fibrosis (IPF). Lung function rapidly deteriorates in some patients with chronic HP. Reports on the prognosis of chronic HP are scanty. Among patients with chronic HP, those with a usual interstitial pneumonia (UIP) pattern have a poorer prognosis and higher incidence of acute exacerbation (AE) compared to patients with fibrotic nonspecific interstitial pneumonia (fNSIP) and a cellular NSIP (cNSIP)/organizing pneumonia (OP) pattern \[[@pone.0220462.ref003], [@pone.0220462.ref004]\]. The extent of fibroblastic foci could be a useful predictor of mortality in chronic HP with a UIP pattern \[[@pone.0220462.ref005]\]. In another study, CT findings of airspace consolidation and honeycombing were found to be predictive of mortality in chronic HP \[[@pone.0220462.ref006]\]. From another perspective, the levels of exposure to avian antigen have been found to be related to disease progression and prognosis in chronic bird-related HP \[[@pone.0220462.ref007], [@pone.0220462.ref008]\]. To date, there are no established biomarkers to predict the worsening of lung function. One such biomarker, however, is expected to emerge for patients with chronic HP.

We conducted a retrospective study to evaluate the predictors of worsening lung function. First, we analyzed the relationships between the following factors: patient characteristics, serum markers, lung function, high-resolution computed tomography (HRCT) findings, bronchoalveolar lavage fluid (BALF) profiles, and worsening lung function. Then, drawing from previous evidence that Th2-predominant immune response may play an important role in the development of lung fibrosis in chronic HP, we also analyzed serum levels of CXCL9 (Th1 chemokine), CCL17 (Th2 chemokine), and Krebs von den Lungen 6 (KL-6) \[[@pone.0220462.ref009]\].

Methods {#sec002}
=======

Subjects {#sec003}
--------

Eight hundred and eight patients were hospitalized at our center for the treatment of interstitial lung disease between January 2004 and December 2013. Chronic HP was diagnosed in this population based on previously described clinical, radiological, and histological criteria (details are provided in the online supplement) \[[@pone.0220462.ref010]\]. Patients underwent the inhalation provocation test with an avian antigen to support and refine the bird-related HP diagnosis \[[@pone.0220462.ref011]\]. Sixty-six patients were diagnosed with chronic bird-related HP based on positive results in the inhalation provocation test. Five out of the 66 patients were excluded: one with a medical history of connective tissue disease and four whose samples had not been stored. Finally, 61 patients diagnosed with chronic bird-related HP were recruited into this retrospective study. None of the patients with chronic bird-related HP had medical histories of atopic dermatitis or bronchial asthma, and none were receiving treatments at the time of diagnosis. In parallel, 50 healthy volunteers (HV) were evaluated as controls. The study conformed to the Declaration of Helsinki and was approved by the Medical Research Ethics Committee of Tokyo Medical and Dental University (M2015-577). Informed consent was obtained for all patients in the following method. In adherence with the Ethical Guidelines for Medical and Health Research Involving Human Subjects, information on the study implementation was made public to ensure that the subjects had the opportunity to withdraw their consent at any time by publishing on the web site. Therefore, written informed consent from the enrolled patients was waived by the ethics committee.

Study design {#sec004}
------------

Medical records, pulmonary function tests (PFTs), HRCT findings, BALF findings, and analyzed blood sample data of patients with chronic bird-related HP were reviewed as baseline data upon first admission to our institution. Follow-up data on PFTs and AEs were also obtained. The follow-up period was the period from the first admission to our institution to the final observation (July 15, 2017). The criteria of Kondoh were used to define an AE of chronic bird-related HP \[[@pone.0220462.ref012]\].

High-resolution computed tomography {#sec005}
-----------------------------------

Three thin-slice HRCT images at the levels of the aortic arch, carina, and inferior pulmonary vein were extracted. The respective slices from the right and left lungs were reviewed independently by two observers (M.M., a pulmonary specialist, and M.K., a chest radiologist) who had no knowledge of the patients' clinical information. The fibrosis area and ground grass opacities (GGO) were respectively assigned a fibrosis score and GGO score by Kazerooni's method \[[@pone.0220462.ref013]\]. Reticulation, centrilobular nodules, consolidation, and emphysema were separately quantified as proportions of lung parenchyma between 0% and 100%, and censored at 5%. Traction bronchiectasis (TBE) was scored as previously reported \[[@pone.0220462.ref014]\]: grade 0 = none, 1 = mild, 2 = moderate, 3 = severe, based upon the most severely affected airways in that pattern. The global score was calculated as the mean of the six zones composed of each slice from the right and left lungs. Averages of all of the values assessed by the two observers were calculated for each subject.

Pulmonary function tests {#sec006}
------------------------

The PFT data included the vital capacity (VC) and the diffusing capacity for carbon monoxide (DL~CO~). Declines in the PFTs 6 months after the first admission were determined by calculating the differences in the PFT measurements (ΔVC, Δ%VC, ΔDL~CO~, and Δ%DL~CO~). The changes in PFT results could be analyzed in 48 out of 61 patients with chronic bird-related HP. Previous reports demonstrated that declines in forced vital capacity of over 5% at 6 months were associated with mortality in patients with IPF \[[@pone.0220462.ref015], [@pone.0220462.ref016]\]. Referring to these results, patients who showed declines in VC of over 5% and of less than 5% 6 months after the first admission were respectively assigned to the "decline group" and the "stable group" in this study.

Bronchoalveolar lavage {#sec007}
----------------------

BAL was performed using three 50-ml aliquots of sterile 0.9% saline. The cellular profile of BALF was determined by counting 200 cells in a cytospin smear with Wright's stain. The lymphocyte phenotypes were analyzed by flow cytometry using monoclonal antibodies for CD4 and CD8. The BALF profiles of forty-four patients with chronic bird-related HP could be analyzed in the study. The CXCL9 and CCL17 BALF levels of thirty-one out of 44 patients could be analyzed by the following method, because their samples had been stored.

Measurement of CXCL9, CCL17 and KL-6 {#sec008}
------------------------------------

CXCL9, CCL17, and KL-6 serum levels were measured by a fully automatic immunoanalyzer, the HISCL-5000 (Sysmex Corp., Hyogo, Japan). CXCL9 and CCL17 BALF levels were also measured by the HISCL-5000.

Analysis of corticosteroid efficacy {#sec009}
-----------------------------------

For analysis of corticosteroid efficacy, we calculated the differences in VC and serum KL-6 between the start of corticosteroid treatment and at 6 months after treatment (ΔVC ^treatment^ and ΔKL-6 ^treatment^). KL-6 at the first day of corticosteroid treatment and at 6 months after treatment were extracted from the medical records. In this analysis, KL-6 was measured by a chemiluminescence enzyme immunoassay using the Lumipulse KL-6 Fujirebio (Fujirebio Co., Tokyo, Japan).

Statistical analysis {#sec010}
--------------------

Data were described as the median and interquartile ranges. Two-tailed *P* values of less than 0.05 were considered significant. The two groups were compared using the Mann-Whitney U test or Fisher's exact test. Correlation coefficients including inter-observer variation for the extent of various abnormalities were obtained using Spearman's correlation coefficient test. The most appropriate cutoff values were defined by receiver operating characteristic (ROC) analysis using the Youden index, and the area under the curve (AUC) values were calculated. Then, obtained cutoff and AUC values were validated using a leave-one-out cross-validation method. Briefly, one sample was omitted, whereas the AUC and cutoff values were calculated on the remaining samples. This was repeated until every sample was left out once. We verified the AUC and cutoff values from all samples comparing with the mean values obtained leave-one-out method. Cumulative survival curves and AE-free interval curves were constructed with the Kaplan-Meier method. Comparisons of the cumulative survival rate and the cumulative rate of being free from AE between two groups was based on the log-rank test. Factors associated with declines in VC of over 5% at 6 months after first admission were evaluated by logistic regression analysis. Univariate and multivariate logistic regression analyses were used to investigate predictors of declines in VC of over 5% at 6 months after first admission. Multivariate analysis was performed using variables with univariate *P* values of less than 0.2. The univariate and multivariate analyses were performed using SPSS Statistics version 22.0 (IBM Corp., Chicago, IL, USA). In cluster analysis, serum CXCL9 and CCL17 levels were converted to logarithm and calculated those averages and standard deviations. The calculated values were standardized and analyzed in cluster analysis. An unsupervised hierarchical cluster analysis was conducted using Cluster 3.0 (University of Tokyo Human Genome Center). The cluster analysis was performed by complete linkage based on Euclidean distance. The other analyses were performed using GraphPad Prism version 5.0 (GraphPad Software Inc., San Diego, CA, USA).

Results {#sec011}
=======

Patient characteristics and clinical findings {#sec012}
---------------------------------------------

The patient characteristics, CXCL9, CCL17, and KL-6, serum levels, and PFT results are shown in [Table 1](#pone.0220462.t001){ref-type="table"} and [S1 Fig](#pone.0220462.s001){ref-type="supplementary-material"}. The HRCT findings and BALF profiles are shown in [S1](#pone.0220462.s004){ref-type="supplementary-material"} and [S2](#pone.0220462.s005){ref-type="supplementary-material"} Tables. With regard to the HRCT findings, the inter-observer correlations in the assessed levels of the various radiologic abnormalities were statistically significant (*r* = 0.521--0.893, all *P* \< 0.001) ([S3 Table](#pone.0220462.s006){ref-type="supplementary-material"}). The patients with chronic bird-related HP were significantly older compared to the healthy volunteers (*P* \< 0.001). The CXCL9, CCL17, and KL-6 serum levels were significantly higher in the patients with chronic bird-related HP than in the healthy volunteers (CXCL9; chronic bird-related HP vs. HV, 19.3 (13.2--35.6) vs. 10.5 (7.6--15.6) pg/ml, *P* \< 0.001. CCL17; 543.1 (336.0--767.6) vs. 274.4 (199.7--338.9) pg/ml, *P* \< 0.001. KL-6; 1182 (552--1965) vs. 184 (148--240) U/ml, *P* \< 0.001.).

10.1371/journal.pone.0220462.t001

###### Patient characteristics.

![](pone.0220462.t001){#pone.0220462.t001g}

  Characteristic                                    Chronic bird-related HP                                        HV
  ------------------------------------------------- -------------------------------------------------------------- ----------------------
  Gender                                                                                                           
   Male                                             33                                                             30
   Female                                           28                                                             20
  Age, yr.                                          64.0 (56.5--71.0) [\*\*](#t001fn003){ref-type="table-fn"}      47.0 (41.0--54.0)
  Pack years                                        5.0 (0.0--28.0)                                                ND
  Surgical lung biopsy                              20                                                             ND
   Histological patterns                            UIP 11/ fNSIP 8/ cNSIP1                                        
  Serum CRP, mg/dl                                  0.1 (0.1--0.2)                                                 ND
  Serum KL-6, U/ml                                  1182 (552--1965) [\*\*](#t001fn003){ref-type="table-fn"}       184 (148--240)
  Serum CXCL9, pg/ml                                19.3 (13.2--35.6) [\*\*](#t001fn003){ref-type="table-fn"}      10.5 (7.6--15.6)
  Serum CCL17, pg/ml                                543.1 (336.0--767.6) [\*\*](#t001fn003){ref-type="table-fn"}   274.4 (199.7--338.9)
  A-aDO~2~, mmHg                                    17.4 (11.7--25.3)                                              ND
  PFTs                                                                                                             
   VC, L                                            2.17 (1.60--2.83)                                              ND
   %VC                                              78.7 (65.4--86.2)                                              ND
   DLco, ml/min/mmHg                                9.78 (6.26--12.45)                                             ND
   %DLco                                            55.9 (39.6--66.2)                                              ND
  Acute exacerbation                                18 (30%)                                                       ND
  Treatment[^§^](#t001fn005){ref-type="table-fn"}   45 (74%)                                                       ND

Data are given as numbers or medians and interquartiles.

\* *P* \< 0.05 vs. HV.

\*\* *P* \< 0.01 vs. HV.

ND: not determined, HP: hypersensitivity pneumonitis, HV: healthy volunteers, UIP: usual interstitial pneumonia, fNSIP: fibrotic nonspecific interstitial pneumonia, cNSIP: cellular nonspecific interstitial pneumonia, KL-6: Krebs von den Lungen 6, A-aDO~2~: alveolar-arterial oxygen difference, PFTs: pulmonary function tests, VC: vital capacity, DL~co~: diffusing capacity of the lung for carbon monoxide.

^§^: Treatment during observation periods. Twenty-five patients were treated with a corticosteroid and immunosuppressants, and 20 patients were only treated with a corticosteroid. Ten patients were treated with antifibrotic agents in addition to a corticosteroid or immunosuppressants.

Comparison of clinical findings between the decline and stable groups {#sec013}
---------------------------------------------------------------------

We compared the clinical findings of the decline and stable groups to investigate the predictors of worsening lung function ([Table 2](#pone.0220462.t002){ref-type="table"}). Serum levels of CCL17 and the percentage of macrophages in BALF were significantly higher in the decline group compared to the stable group (CCL17; decline group vs. stable group, 676.1 (569.9--916.0) vs. 411.4 (200.4--605.7) pg/ml, *P* \< 0.001. BALF macrophage; decline group vs. stable group, 84.4 (75.3--92.7) vs. 65.1 (37.0--82.3) %, *P* = 0.015). On the other hand, there was no statistically significant difference in the pulmonary lung function test at the base line between the two groups.

10.1371/journal.pone.0220462.t002

###### Comparison of clinical findings between the decline and stable group in patients with chronic bird-related HP.
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                                    Decline group           Stable group           *P*
  --------------------------------- ----------------------- ---------------------- ------------------------------------------------
  Number                            14                      34                     
  Age, yr.                          60.5 (51.8--69.0)       64.5 (57.3--72.0)      0.216
  Gender (Male / Female)            8 / 6                   14 / 20                0.313
  Pack years                        10.0 (0.0--28.0)        0.0 (0.0--25.3)        0.387
  Treatment during first 6 months   3                       13                     0.262
  Acute exacerbations               6                       9                      0.315
  Serum biomarkers                                                                 
   CXCL9, pg/ml                     15.9 (10.0--21.3)       23.3 (15.4--38.5)      0.068
   CCL17, pg/ml                     676.1 (569.9--916.0)    411.4 (200.4--605.7)   \<0.001[\*\*](#t002fn003){ref-type="table-fn"}
   KL-6, U/ml                       592 (473--2126)         1239 (663--1776)       0.358
  PFTs                                                                             
   VC, L                            2.4 (1.6--2.7)          2.0 (1.6--2.8)         0.847
   %VC                              78.1 (61.9--81.6)       77.0 (65.5--86.0)      0.547
   ΔVC, L                           -0.26 (-0.36---0.17)    0.03 (-0.01--0.18)     \<0.001[\*\*](#t002fn003){ref-type="table-fn"}
   Δ%VC                             -8.15 (-11.50---5.50)   1.40 (-0.88--5.86)     \<0.001[\*\*](#t002fn003){ref-type="table-fn"}
  HRCT findings                                                                    
   GGO score                        0.67 (0.33--1.42)       1.00 (0.50--1.42)      0.327
   Fibrosis score                   1.17 (0.96--1.46)       1.00 (0.83--1.42)      0.651
   Reticulation, %                  6.25 (4.17--8.13)       5.42 (3.33--6.67)      0.262
   Centrilobular nodules, %         0.00 (0.00--2.50)       0.00 (0.00--1.25)      0.739
   Consolidation, %                 1.67 (0.21--3.33)       0.42 (0.00--1.25)      0.057
   Emphysema, %                     0.00 (0.00--0.42)       0.00 (0.00--0.00)      0.335
   TBE grade                        0.50 (0.42--0.83)       0.50 (0.33--0.75)      0.387
  BALF                                                                             
   Macrophage, %                    84.4 (75.3--92.7)       65.1 (37.0--82.3)      0.015[\*](#t002fn002){ref-type="table-fn"}
   Lymphocytes, %                   9.9 (3.6--19.6)         18.3 (9.2--44.8)       0.068
   Neutrophils, %                   0.9 (0.7--4.0)          2.6 (0.8--19.5)        0.229
   Eosinophils, %                   1.5 (0.4--1.7)          1.1 (0.6--1.9)         0.859
   CD4/CD8 ratio                    2.6 (1.5--4.3)          3.3 (2.0--8.3)         0.490

Data are given as numbers or medians and interquartiles.

\* *P* \< 0.05.

\*\* *P* \< 0.01.

Patients who showed declines in VC of over 5% and of less than 5% 6 months after the first admission were respectively assigned to the "decline group" and the "stable group".

KL-6: Krebs von den Lungen 6, PFTs: pulmonary function test, HRCT: high-resolution computed tomography, GGO: ground grass opacity, TBE: traction bronchiectasis, BALF: bronchoalveolar lavage fluid.

Logistic regression analysis of factors associated with VC decline {#sec014}
------------------------------------------------------------------

A logistic regression analysis of the following factors was conducted to determine which were associated with VC decline: PFTs, serum biomarkers, HRCT findings, BALF profiles, and history of treatment over the 6-month period following first admission ([Table 3](#pone.0220462.t003){ref-type="table"}). All chronic bird-related HP patients were instructed to avoid not only direct exposure (breeding birds) but also unrecognized exposure (feather products, wild birds, and breeding of birds by neighbors). We assumed that there was no substantial difference among patients regarding the status of antigen avoidance. A multivariate analysis was performed using variables with univariate *P* values of less than 0.2 and clinically relevant covariates such as age and gender. BALF macrophages were excluded from the variables in the multivariate analysis because they were strongly correlated with the BALF lymphocytes (*r* = -0.813, *P* \< 0.001). The CXCL9 and CCL17 serum levels were significant variables in the multivariate analysis (CXCL9; odds ratio 0.864, 95% CI 0.749--0.997, *P* = 0.045. CCL17; odds ratio 1.006, 95% CI 1.001--1.011, *P* = 0.022).

10.1371/journal.pone.0220462.t003

###### Logistic regression analysis of factors associated with VC decline.
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                                     Odds Ratio   95% Confidence interval   *P*
  ---------------------------------- ------------ ------------------------- ----------------------------------------------
  **Univariate analysis**                                                   
   Serum biomarkers                                                         
    CXCL9                            0.968        0.921--1.017              0.191
    CCL17                            1.004        1.001--1.007              0.007[\*\*](#t003fn003){ref-type="table-fn"}
    KL-6                             1.000        0.999--1.000              1.000
   PFTs                                                                     
    VC                               1.002        0.431--2.331              0.996
    %VC                              0.980        0.940--1.022              0.346
   HRCT findings                                                            
    GGO score                        0.744        0.294--1.878              0.531
    Fibrosis score                   1.514        0.354--6.479              0.576
    Reticulation                     1.005        0.904--1.117              0.932
    Centrilobular nodules            0.942        0.761--1.166              0.583
    Consolidation                    1.519        0.990--2.230              0.056
    Emphysema                        0.920        0.743--1.139              0.272
    TBE grade                        1.571        0.248--9.947              0.632
   BALF                                                                     
    Macrophage                       1.068        1.005--1.134              0.033[\*](#t003fn002){ref-type="table-fn"}
    Lymphocytes                      0.941        0.877--1.009              0.090
    Neutrophils                      0.398        0.848--1.038              0.217
    Eosinophils                      0.933        0.660--1.320              0.696
    CD4/CD8 ratio                    0.886        0.687--1.142              0.350
   Treatment during first 6 months   0.441        0.103--1.882              0.269
  **Multivariate analysis**                                                 
   CXCL9                             0.864        0.749--0.997              0.045[\*](#t003fn002){ref-type="table-fn"}
   CCL17                             1.006        1.001--1.011              0.022[\*](#t003fn002){ref-type="table-fn"}

Covariates with *P* \< 0.2 in univariate analysis and clinical relevant covariates such as age and gender were included in multivariate analysis (Logistic regression). Because macrophages of BALF had strong correlation with lymphocytes of BALF (*r* = -0.813, *P* \< 0.001), macrophages of BALF was excluded from variables of multivariate analysis.

\* *P* \< 0.05.

\*\* *P* \< 0.01.

HP: hypersensitivity pneumonitis, KL-6: Krebs von den Lungen 6, PFTs: pulmonary function test, HRCT: high-resolution computed tomography, GGO: ground grass opacity, TBE: traction bronchiectasis, BALF: bronchoalveolar lavage fluid.

Relationship between the serum levels of CXCL9 and CCL17 and clinical parameters {#sec015}
--------------------------------------------------------------------------------

Judging from the comparison between the decline group and the stable group, and the logistic regression analysis, we concluded that a serum profile of lower CXCL9, in combination with higher CCL17, was an important predictor of worsening lung function. Next, we analyzed the correlation between the serum levels of CXCL9 and CCL17 and the clinical parameters of chronic bird-related HP ([Table 4](#pone.0220462.t004){ref-type="table"}). Serum CXCL9 was significantly but weakly correlated with age (*r* = 0.255, *P* = 0.048), A-aDO~2~ (*r* = 0.381, *P* = 0.003), DL~CO~ (*r* = -0.268, *P* = 0.044), ΔVC (*r* = 0.307, *P* = 0.034), Δ%VC (*r* = 0.286, *P* = 0.049), and BALF lymphocytes (*r* = 0.352, *P* = 0.019) and moderately correlated with BALF macrophages (*r* = -0.428, *P* = 0.004). Serum CCL17 was significantly but weakly correlated with Δ%VC (*r* = -0.398, *P* = 0.005) and moderately correlated with ΔVC (*r* = -0.414, *P* = 0.003) and BALF macrophages (*r* = 0.438, *P* = 0.003). Serum CXCL9 also showed significant but weak correlations with the GGO score (*r* = 0.282, *P* = 0.035) and centrilobular nodules (*r* = -0.305, *P* = 0.023). Serum CCL17 also showed a significant but weak correlation with consolidation (*r* = 0.265, *P* = 0.048) and moderate correlations with the fibrosis score (*r* = 0.460, *P* \< 0.001) and TBE (*r* = 0.473, *P* \< 0.001) ([Table 5](#pone.0220462.t005){ref-type="table"}).

10.1371/journal.pone.0220462.t004

###### Relationship between the serum levels of CXCL9 and CCL17 and clinical parameters.
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                                 CXCL9    CCL17                                                   
  ------------------------------ -------- ---------------------------------------------- -------- ----------------------------------------------
  Age                            0.255    0.048[\*](#t004fn001){ref-type="table-fn"}     0.078    0.550
  Pack years                     0.171    0.186                                          0.043    0.744
  Serum CRP, mg/dl               0.165    0.203                                          0.071    0.585
  Serum KL-6, U/ml               0.140    0.282                                          -0.010   0.938
  A-aDO~2~, mmHg                 0.381    0.003[\*\*](#t004fn002){ref-type="table-fn"}   -0.225   0.082
  PFTs                                                                                            
   VC, L                         -0.232   0.072                                          -0.076   0.560
   %VC                           -0.069   0.600                                          -0.249   0.053
   FEV~1~/FVC                    -0.050   0.699                                          0.202    0.119
   DL~CO~, ml/min/mmHg           -0.268   0.044[\*](#t004fn001){ref-type="table-fn"}     -0.215   0.109
    %DL~CO~                      -0.229   0.087                                          -0.231   0.084
    ΔVC, L                       0.307    0.034[\*](#t004fn001){ref-type="table-fn"}     -0.414   0.003[\*\*](#t004fn002){ref-type="table-fn"}
    Δ%VC                         0.286    0.049[\*](#t004fn001){ref-type="table-fn"}     -0.398   0.005[\*\*](#t004fn002){ref-type="table-fn"}
    Δ DL~CO~, ml/min/mmHg        0.074    0.659                                          -0.301   0.066
    Δ %DL~CO~                    -0.001   0.994                                          -0.268   0.104
  BALF                                                                                            
   Total cell counts, 10^5^/ml   0.090    0.586                                          -0.225   0.169
   Macrophages, %                -0.428   0.004[\*\*](#t004fn002){ref-type="table-fn"}   0.438    0.003[\*\*](#t004fn002){ref-type="table-fn"}
   Lymphocytes, %                0.352    0.019[\*](#t004fn001){ref-type="table-fn"}     -0.153   0.323
   Neutrophils, %                0.210    0.176                                          -0.235   0.129
   Eosinophils, %                0.074    0.639                                          -0.008   0.957
   CD4/CD8 ratio                 0.314    0.075                                          0.190    0.290

\* *P* \< 0.05.

\*\* *P* \< 0.01.

HP: hypersensitivity pneumonitis, A-aDO~2~: alveolar-arterial oxygen difference, KL-6: Krebs von den Lungen 6, PFTs: pulmonary function tests, VC: vital capacity, DL~co~: diffusing capacity of the lung for carbon monoxide, BALF: bronchoalveolar lavage fluid.

10.1371/journal.pone.0220462.t005

###### Relationship between the serum levels of CXCL9 and CCL17 and HRCT findings.
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                             CXCL9    CCL17                                                 
  -------------------------- -------- -------------------------------------------- -------- ------------------------------------------------
  GGO score                  0.282    0.035[\*](#t005fn001){ref-type="table-fn"}   -0.021   0.876
  Fibrosis score             -0.045   0.743                                        0.460    \<0.001[\*\*](#t005fn002){ref-type="table-fn"}
  Reticulation, %            0.183    0.177                                        0.286    0.033[\*](#t005fn001){ref-type="table-fn"}
  Centrilobular nodules, %   -0.305   0.023[\*](#t005fn001){ref-type="table-fn"}   -0.046   0.736
  Consolidation, %           -0.138   0.312                                        0.265    0.048[\*](#t005fn001){ref-type="table-fn"}
  Emphysema, %               0.201    0.137                                        -0.021   0.878
  TBE grade                  -0.009   0.950                                        0.473    \<0.001[\*\*](#t005fn002){ref-type="table-fn"}

\* *P* \< 0.05.

\*\* *P* \< 0.01.

HP: hypersensitivity pneumonitis, HRCT: high-resolution computed tomography, GGO: ground grass opacity, TBE: traction bronchiectasis.

Relationship between CXCL9 and CCL17 BALF levels and clinical parameters {#sec016}
------------------------------------------------------------------------

We also analyzed the correlation between the BALF levels of CXCL9 and CCL17 and clinical parameters in chronic bird-related HP ([S4 Table](#pone.0220462.s007){ref-type="supplementary-material"}). BALF CXCL9 showed significant moderate correlation with serum CXCL9 (*r* = 0.452, *P* = 0.011), serum CCL17 (*r* = -0.440, *P* = 0.013), serum KL-6 (*r* = 0.469, *P* = 0.008), VC (*r* = -0.535, *P* = 0.002), %VC (*r* = -0.525, *P* = 0.002), DL~CO~ (*r* = -0.500, *P* = 0.005), %DL~CO~ (*r* = -0.433, *P* = 0.017), ΔVC (*r* = 0.434, *P* = 0.034), Δ%VC (*r* = 0.463, *P* = 0.023), BALF lymphocytes (*r* = 0.623, *P* \< 0.001), and BALF neutrophils (*r* = 0.439, *P* = 0.013), and significant strong correlation with BALF macrophages (*r* = -0.751, *P* \< 0.001). BALF CCL17 showed significant weak correlation with A-aDO~2~ (*r* = -0.362, *P* = 0.045), %VC (*r* = -0.342, *P* = 0.060), FEV~1~/FVC (*r* = 0.399, *P* = 0.026), centrilobular nodules (*r* = 0.398, *P* = 0.033), and TBE grade (*r* = 0.386, *P* = 0.039) and significant moderate correlation with BALF neutrophils (*r* = 0.412, *P* = 0.021), GGO score (*r* = -0.421, *P* = 0.023) and consolidation (*r* = 0.634, *P* \< 0.001).

Cluster analysis using serum levels of CXCL9 and CCL17 {#sec017}
------------------------------------------------------

We also examined the relationship of CXCL9 and CCL17 serum levels by cluster analysis ([Fig 1](#pone.0220462.g001){ref-type="fig"}, [Table 6](#pone.0220462.t006){ref-type="table"}). The patients with chronic bird-related HP were divided into three groups: G1 patients, with a serum profile of lower CXCL9 and lower CCL17; G2 patients, with lower CXCL9 and higher CCL17; and G3 patients, with higher CXCL9 and higher CCL17. The VC decline was significantly greater in G2 patients compared to G1 and G3 patients ([Fig 2](#pone.0220462.g002){ref-type="fig"}). BALF lymphocytes were significantly higher in G3 patients compared to G2 patients.

![Unsupervised hierarchical clustering analysis of CXCL9 and CCL17 serum levels.\
Cluster analysis was performed by complete linkage based on Euclidean distance. Red colors represent high cytokines levels and green colors represent low cytokines levels, respectively. By clustering analysis, the patients with chronic bird-related HP were divided into three groups (G1, G2 and G3).](pone.0220462.g001){#pone.0220462.g001}

![VC and ΔVC were compared among three groups (G1, G2 and G3).\
VC: vital capacity. The lines represent median and interquartile range. \*\*: *P* \< 0.01.](pone.0220462.g002){#pone.0220462.g002}

10.1371/journal.pone.0220462.t006

###### Comparison of clinical findings among the three groups identified in cluster analysis.

![](pone.0220462.t006){#pone.0220462.t006g}

                                    G1                                                                                                  G2                                                            G3
  --------------------------------- --------------------------------------------------------------------------------------------------- ------------------------------------------------------------- ----------------------
  Number                            15                                                                                                  26                                                            20
  Age, yr.                          60.0                                                                                                62.0                                                          69.0
  Gender (Male / Female)            6 / 9                                                                                               18 / 8                                                        9 / 11
  Pack years                        0.0 (0.0--2.8)                                                                                      11.0 (0.0--31.3)                                              0.0 (0.0--27.3)
  Treatment during first 6 months   8                                                                                                   5                                                             7
  Serum biomarkers                                                                                                                                                                                    
   CXCL9, pg/ml                     18.0 (12.3--23.7) [^§^](#t006fn002){ref-type="table-fn"}                                            14.5 (9.8--17.4) [^§^](#t006fn002){ref-type="table-fn"}       39.9 (32.8--46.0)
   CCL17, pg/ml                     135.0 (71.0--306.4) [^§^](#t006fn002){ref-type="table-fn"} [^¶^](#t006fn003){ref-type="table-fn"}   726.0 (569.9--916.0) [\*](#t006fn004){ref-type="table-fn"}    546.8 (378.7--642.6)
   KL-6, U/ml                       728 (345--2292)                                                                                     1005 (536--1342) [\*](#t006fn004){ref-type="table-fn"}        1518 (1032--2076)
  HRCT findings                                                                                                                                                                                       
   GGO score                        1.00 (0.73--1.44)                                                                                   0.75 (0.42--1.06)                                             1.13 (0.56--1.71)
   Fibrosis score                   1.00 (0.29--1.25) [^\#^](#t006fn005){ref-type="table-fn"}                                           1.33 (1.00--1.58)                                             1.33 (0.79--1.52)
   Reticulation, %                  5.21 (0.73--7.19)                                                                                   5.21 (3.85--6.67)                                             5.83 (3.13--9.79)
   Centrilobular nodules, %         0.00 (0.00--1.15)                                                                                   0.00 (0.00--1.56)                                             0.00 (0.00--0.10)
    Consolidation, %                0.00 (0.00--2.71)                                                                                   1.46 (0.42--2.81) [\*](#t006fn004){ref-type="table-fn"}       0.42 (0.00--1.25)
    Emphysema, %                    0.00 (0.00--0.21)                                                                                   0.00 (0.00--0.42)                                             0.00 (0.00--5.83)
    TBE grade                       0.33 (0.06--0.63) [\*](#t006fn004){ref-type="table-fn"} [^\#^](#t006fn005){ref-type="table-fn"}     0.63 (0.42--0.90)                                             0.67 (0.33--0.85)
  PFTs                                                                                                                                                                                                
    VC, L                           2.05 (1.82--3.36)                                                                                   2.38 (1.83--2.83)                                             1.88 (1.38--2.88)
   %VC                              82.4 (68.2--94.6)                                                                                   76.1 (65.8--83.1)                                             73.4 (61.4--84.3)
   DL~CO~, ml/min/mmHg              11.77 (10.28--13.22) [^§^](#t006fn002){ref-type="table-fn"} [\*](#t006fn004){ref-type="table-fn"}   9.95 (6.40--12.47)                                            6.64 (4.67--9.49)
   %DL~CO~                          63.7 (50.7--74.7) [^§^](#t006fn002){ref-type="table-fn"}                                            56.6 (39.4--66.1)                                             42.7 (33.3--55.4)
   ΔVC, L                           0.08 (-0.04--0.30) [^¶^](#t006fn003){ref-type="table-fn"}                                           -0.14 (-0.27---0.02) [^§^](#t006fn002){ref-type="table-fn"}   0.03 (0.02--0.13)
   Δ%VC                             3.3 (-1.6--10.1) [^¶^](#t006fn003){ref-type="table-fn"}                                             -5.5 (-8.6---0.3) [^§^](#t006fn002){ref-type="table-fn"}      1.4 (0.5--5.7)
   Δ DL~CO~, ml/min/mmHg            0.41 (-0.85--1.09)                                                                                  -0.36 (-1.74--0.58)                                           -0.30 (-0.47--0.54)
   Δ %DL~CO~                        3.5 (-4.9--5.1)                                                                                     -1.3 (-8.2--2.2)                                              -2.9 (-4.9--3.2)
  BALF                                                                                                                                                                                                
  Macrophages, %                    65.1 (32.3--84.3) [^\#^](#t006fn005){ref-type="table-fn"}                                           84.4 (73.2--92.1) [^§^](#t006fn002){ref-type="table-fn"}      60.6 (37.0--80.0)
   Lymphocytes, %                   14.0 (6.0--42.4)                                                                                    11.6 (3.6--20.4) [^§^](#t006fn002){ref-type="table-fn"}       23.4 (12.3--57.8)
   Neutrophils, %                   13.1 (0.7--29.1)                                                                                    1.2 (0.6--3.6)                                                1.6 (0.8--6.0)
   Eosinophils, %                   0.8 (0.0--1.3)                                                                                      1.3 (0.6--1.6)                                                1.0 (0.0--2.6)
   CD4/8 ratio                      1.7 (0.8--7.9)                                                                                      3.0 (2.0--4.8)                                                5.3 (2.7--12.7)

Data are given as numbers or medians and interquartiles.

^§^: *P* \< 0.01 versus G3.

^¶^: *P* \< 0.01 versus G2.

\*: *P* \< 0.05 versus G3.

^\#^: *P* \< 0.05 versus G2.

KL-6: Krebs von den Lungen 6, HRCT: high-resolution computed tomography, GGO: ground grass opacity, TBE: traction bronchiectasis, BALF: bronchoalveolar lavage fluid, PFTs: pulmonary function tests, VC: vital capacity, DL~co~: diffusing capacity of the lung for carbon monoxide.

ROC analysis to define the cutoff value of predictors of lung function decline {#sec018}
------------------------------------------------------------------------------

The results of the cluster analysis suggested that a chemokine profile of lower CXCL9 and higher CCL17 in serum was related to a decline of VC. We therefore conducted an ROC analysis and defined the cutoff value for the CCL17 to CXCL9 ratio (CCL17/CXCL9) in serum with chronic bird-related HP between the decline and stable groups. The AUC and optimal cutoff value were 0.849, and 24.8, respectively. The sensitivity and specificity at this cutoff value were 70.6%, and 92.9%, respectively. We verified this result using a leave-one-out cross-validation. The AUC and optimal cutoff values were 0.849 ± 0.008, and 25.0 ± 1.0, respectively (mean ± standard deviation). From this result, we concluded that the optimal cutoff value could be accepted.

Survival and free from AE in chronic bird-related HP patients divided into the higher-CCL17/CXCL9 group (CCL17/CXCL9 ≥ 24.8) and lower-CCL17/CXCL9 group (CCL17/CXCL9 \< 24.8) were analyzed using Kaplan-Meier survival curves ([S2 Fig](#pone.0220462.s002){ref-type="supplementary-material"}). The log-rank test showed no significant differences between CCL17/CXCL9 and survival time (*P* = 0.100). The log-rank test also showed no significant differences between CCL17/CXCL9 and the duration free from AE (*P* = 0.290).

Analysis of the difference in corticosteroid efficacy {#sec019}
-----------------------------------------------------

We analyzed the difference in corticosteroid efficacy among the G1, G2, and G3 patients. No significant difference in ΔVC ^treatment^ was found among the three groups. On the other hand, ΔKL-6 ^treatment^ was significantly smaller in the G3 patients compared to the G2 patients ([S5 Table](#pone.0220462.s008){ref-type="supplementary-material"}). A significant positive correlation was also found between CCL17/CXCL9 and ΔKL-6 ^treatment^ (*r* = 0.361, *P* = 0.024).

Discussion {#sec020}
==========

In this study we investigated the predictors of the phenotypes with worsening lung function. Judging from the comparisons between the decline group and stable group and logistic regression analysis, we concluded that a chemokine profile of lower CXCL9 and higher CCL17 in serum was an important predictor of the phenotypes with worsening lung function. We confirmed these results using cluster analysis. Furthermore, a CCL17/CXCL9 ratio of above 24.8 in the serum of chronic bird-related HP patients was associated with VC decline at 6 months from the first admission. This is the first report to demonstrate the predictors of the phenotypes with worsening lung function in patients with chronic bird-related HP.

CCL17 is a Th2 cytokines mainly produced by epithelial cells \[[@pone.0220462.ref017]\]. Previous reports suggested that CCL17 and the ligand CCR4 contribute to development of pulmonary fibrosis by inducing infiltration of alveolar macrophages and Th2 cells in a bleomycin mouse model. \[[@pone.0220462.ref018]\]. It was also reported that the elevated CCL17 levels in BALF were associated with poor outcomes in patients with IPF \[[@pone.0220462.ref019]\]. Our group previously demonstrated that the expression of CCL17 and CCR4 were induced at the site of fNSIP and UIP lesions \[[@pone.0220462.ref009]\]. In the present study, the CCL17serum levels showed significant positive correlations with the fibrosis score and TBE grade, negative correlation with Δ%VC, and moderate correlation with ΔVC. Moreover, the BALF levels of CCL17 showed significant negative correlation with %VC, GGO score and TBE grade. These results might indicate that Th2 predominant immune response plays an important role in the development of lung fibrosis in patients with chronic HP.

On the other hand, our group also demonstrated that higher BALF neutrophil counts were observed in patients with a greater extent of fibroblastic foci compared to patients with a lesser extent of fibroblastic foci \[[@pone.0220462.ref005]\]. In the present study, the BALF levels of CCL17 also correlated with BALF neutrophils, supporting the relation between CCL17 and pathogenesis of pulmonary fibrosis.

CXCL9 is an IFN-γ-inducible chemokine, a ligand for CXCR3, and a chemokine frequently associated with Th1 diseases. Nance et al. reported that IFN-γ-deficient mouse showed lower CXCL9 production and fewer granuloma formation in the HP induction model \[[@pone.0220462.ref020]\]. On the bleomycin model, it was also reported that fibrogenesis is increased in CXCR3-deficient mice, suggesting Th1 inflammation plays a protective role \[[@pone.0220462.ref021]\]. The CXCL9 pathway suppresses collagen production in LX-2 cells, and CXCR3-deficient mice also demonstrated the anti-fibrotic effect of Th1 inflammation in liver fibrosis \[[@pone.0220462.ref022]\]. It was reported that CXCL9 reduced TGF-β1-induced phosphorylation of Smad2 and Smad3, and it abrogated the TGF-β1-induced epithelial-to-mesenchymal transition in human alveolar epithelial cells \[[@pone.0220462.ref023]\]. CXCL9 and CXCL10 were highly expressed in lung specimens and BALF in patients with HP \[[@pone.0220462.ref024], [@pone.0220462.ref025]\]. We also previously reported that chronic HP and acute HP patients with cNSIP/OP pattern showed higher CXCL10 levels and BALF lymphocytes compared to the UIP and the fNSIP pattern that is generally considered as an advanced fibrosis stage. By contrast, BALF macrophages were significantly lower in patients with the cNSIP/OP pattern compared to the UIP and fNSIP patterns \[[@pone.0220462.ref009]\]. In the present study, the CXCL9 serum levels had a significant positive correlation with BALF lymphocytes and the GGO score, and had a negative correlation with BALF macrophages. Serum CXCL9 also showed significant positive correlations with ΔVC and Δ%VC. These results and previous evidence suggest that CXCL9 plays a suppressive role to the progress of fibrosis in patients with chronic bird-related HP. In the comparison between decline and stable groups, not only BALF lymphocytes but also BALF macrophages had significant differences. In the previous reports of chronic HP, BALF lymphocytes had lower in the UIP-like patient they exhibited the worst survival rate \[[@pone.0220462.ref003], [@pone.0220462.ref026]\]. Those evidences suggest BALF lymphocytes were important factors in the pathology of chronic HP. The percentages of BALF macrophages might be affected that of BALF lymphocytes. In the present study, CXCL9 levels also had a significant positive correlation with neutrophils in BALF. It is known that neutrophils and T cells produce IFN-γ \[[@pone.0220462.ref027]\]. IFN-gamma resulted in an increase in CXCL9 mRNA expression by human alveolar epithelial type II or A549 cells \[[@pone.0220462.ref028]\]. In our previous study, we demonstrated that IL-17A and neutrophils were crucial for the development of pulmonary inflammation in murine models of acute HP \[[@pone.0220462.ref029]\]. Those inflammatory responses may contribute to CXCL9 production in HP patients.

Serum CXCL9, meanwhile, showed a weak negative correlation with the centrilobular nodules in the present study. A previous report has identified centrilobular nodules as the predominant finding in acute HP rather than chronic HP \[[@pone.0220462.ref006]\]. Our result on the correlation between serum CXCL9 and CT findings on centrilobular nodules in the present study directly oppose those of the previous study. However the proportion of lung parenchyma in centrilobular nodules in the present study was too small to compare the previous study, the analysis related to centrilobular nodules might be insufficient. Further study will be needed to clarify the relation between serum CXCL9 and centrilobular nodules on CT.

As discussed earlier, CCL17 plays an important role in the pathogenesis of pulmonary fibrosis and CXCL9 may have an antifibrotic effect in chronic bird-related HP. We demonstrated that a chemokine profile of lower CXCL9 and higher CCL17 in serum was an important predictor of the phenotypes with worsening lung function.

In this study we divided patients into three groups according to their CCL17 and CXCL9 profiles and analyzed the effect of corticosteroid on each group. The decline of serum KL-6 level was reported as the useful predictive marker of high-dose corticosteroids on patients with rapidly progressing IPF \[[@pone.0220462.ref030]\]. In patients with drug induced pneumonitis, serum KL-6 levels were also reported as the marker of response to withdrawal of the implicated drug and/or corticosteroid therapy \[[@pone.0220462.ref031]\]. In previous study of patients with chronic HP, serum KL-6 level at 1 month after the treatment of prednisolone was significantly lower than those measured at the start of the treatment. In that study, the serum KL-6 level was significantly higher during episode of AE \[[@pone.0220462.ref032]\]. Though there was no established marker of treatment in chronic HP, we evaluated the efficacy of corticosteroid using serum KL-6 level based on these results. The corticosteroid-dependent decrease of serum KL-6 was significantly greater in patients of the G3 type, characterized by higher CXCL9 and higher CCL17, compared to the G2 type, characterized by lower CXCL9 and higher CCL17. There was also a significant positive correlation between the CCL17/CXCL9 ratio and ΔKL-6 ^treatment^. Thus, the G3 patients might tend to improve with corticosteroid treatment. In the previous report of IPF, patients treated with corticosteroid exhibited higher CXCR3 in BALF CD4 lymphocytes \[[@pone.0220462.ref033]\]. Patients with higher CXCL9 might be more influenced by CXCL9 and CXCR3 than patients with lower CXCL9. BALF lymphocytes were considered to be one of the inflammatory features in HP and use of corticosteroid or immunosuppressants might be reasonable in patients with inflammatory features \[[@pone.0220462.ref034]\]. As the G3 patients had higher BALF lymphocytes, corticosteroid might be effective to the G3 patients.

We analyzed cumulative survival and AE-free interval between higher and lower CCL17/CXCL9 group. There was no statistical significance of cumulative survival and AE-free intervals. Treatment during the follow-up period may affect this result.

This study had several limitations. First, it was performed in only a single center, and one with a referral bias, as our hospital is a clinical center for chronic HP. Second, the subjects of this study were limited to bird-related HP, the most prevalent form of HP in Japan. Third, the sample size of our analysis of the efficacy of corticosteroid was relatively small and the efficacy of antifibrotic agent was not analyzed. All of those limitations are based on the low prevalence rate of HP; however, we will provide answers for those issues in future studies.

In conclusion, we demonstrated that HP consisted of different inflammatory-endotypes, and proposed that the serum CCL17/CXCL9 ratio was an important biomarker for worsening lung function in patients with chronic bird-related HP.

Supporting information {#sec021}
======================

###### Serum levels of CXCL9, CCL17, and KL-6 in patients with chronic bird-related hypersensitivity pneumonitis and healthy volunteers.

CBRHP: chronic bird-related hypersensitivity pneumonitis, n = 61, HV: healthy volunteers, n = 50. The lines represent median and interquartile range. \*\*: P \< 0.01.

(TIF)

###### 

Click here for additional data file.

###### Kaplan-Meier curves for survival (A) and acute exacerbation-free interval (B) in chronic bird-related hypersensitivity pneumonitis.

Solid line represents higher-CCL17/CXCL9 group (serum CCL17/CXCL9 levels ≥ 24.8) dotted line represents lower-CCL17/CXCL9 group (\< 24.8). (A) P = 0.100, (B) P = 0.290, log rank test.

(TIF)
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Click here for additional data file.

###### The diagnostic criteria for chronic HP.
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###### BALF profiles.

BALF profiles in chronic bird-related HP.
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###### HRCT findings.
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###### Inter-observer correlation in HRCT findings.
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###### Relationship between the BALF levels of CXCL9 and CCL17 and clinical parameters.
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###### Analysis of the difference in corticosteroid efficacy.
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Click here for additional data file.
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